oxidation, which would bring to 12 the number of mox genes in Methylobacterium sp. strain AM1.
Methylotrophic bacteria are able to grow by using reduced one-carbon compounds as a sole source of carbon and energy. Methylobacterium sp. strain AM1 (formerly Pseudomonas sp. strain AM1) is a facultative methylotroph that can utilize single-carbon compounds such as methanol and methylamine as well as numerous multicarbon substrates (2, 14) . When growing on methanol, Methylobacterium sp. strain AM1 oxidizes the substrate via a series of two electron transfer reactions (2) . The initial step in the methanol oxidation pathway is catalyzed by a periplasmic methanol dehydrogenase (MeDH; EC. 1.1.99.8) (1, 20) , which oxidizes methanol to formaldehyde. The formaldehyde can then be further oxidized or assimilated into cell carbon via the serine pathway (2) .
The MeDH from Methylobacterium sp. strain AM1 has been well characterized biochemically. The native form has been reported to consist of two identical Mr-60,000 subunits, each associated noncovalently with a pyrroloquinoline quinone prosthetic group (2) . Most MeDHs purified from methanol-oxidizing methylotrophs have been found to have a similar dimer structure with subunit size ranging from Mr 60,000 to 76,000 (2) .
A low-molecular-weight polypeptide (Mr 12,000) of unknown function has been found to copurify with the MeDH (D. Nunn and M. Lidstrom, unpublished data; C. Anthony, personal communication). Traditionally, it has been assumed that this small polypeptide represents an artifact of the purification procedure. fHowever, proteins of similar size (Mr 10,000) have been reported to copurify with the alcohol (methanol) dehydrogenase of Xanthobacter autotrophicus (18) and the MeDH of Methylomonas sp. strain J (26) . Whether the MeDH-associated protein from either methylo-troph was functionally important could not be determined. Therefore, the subunit structure of MeDH is still somewhat uncertain.
Methanol oxidation in Methylobacterium sp. strain AM1 also requires specific electron acceptors. Electrons from the oxidation of methanol are transferred to the pyrroloquinoline quinone cofactor of MeDH (11) and then to two soluble (periplasmic) type c cytochromes, cytochrome CL and cytochrome CH (4, 27) . The direct electron acceptor in vivo is not known; however, in vitro evidence suggests that electrons are transferred from MeDH to cytochrome CL, to cytochrome CH, and finally to the terminal cytochrome oxidase (2, 14) . Cytochrome CH also appears to be the direct electron acceptor for methylamine oxidation by methylamine dehydrogenase (2) . Therefore, only cytochrome CL appears to be specifically involved in methanol oxidation.
Previous studies in this laboratory have shown the genetics of methanol oxidation in Methylobacterium sp. strain AM1 to be quite complex (24, 25) . A group of Methylobacterium sp. strain AM1 mutants specifically defective in their ability to oxidize methanol were isolated and classified by complementation analysis. Those mutants were found to comprise 10 distinct complementation groups (24) . The 10 identified mox (methanol oxidation) genes were found to be located on five separate HindlIl fragments, and on the basis of mutant phenotype studies, functions were proposed for the products encoded by these genes (25) . Products of moxB, moxC, moxE, and moxH may be involved in regulation or stability. The moxAl, moxA2, and moxA3 gene products seem to play a role in the proper association of the pyrroloquinoline quinone cofactor with the MeDH apoprotein. The product encoded by moxD appears to affect the transport of both MeDH and cytochrome CL. The MeDH Mr-60,000 polypeptide was determined to be the moxF gene product, and cytochrome CL was believed to be the moxG gene product (24, 25) . moxF and moxG were found to map to the same 8.6-kilobase (kb) HindIlI fragment, HINDIII-FG (Fig. 1) . The MeDH structural gene was localized to a 3.58-kb XhoI fragment and was found to span the Sail site, with transcription proceeding from left to right as drawn (24) . Complementation analysis with various HINDIII-FG subclones suggested that moxG is located downstream from moxF. Additional data compiled from complementation experiments with TnS-mutagenized HINDIII-FG clones suggested further that moxF and moxG comprise a single transcriptional unit. The mutagenesis data also indicated that the 5' boundary of the putative operon lay approximately 2 kb from the left end of the HINDIII-FG fragment and that the 3' boundary extended at least to the BamHI site (24, 25) .
To study the putative moxFG operon in greater detail, we have utilized a dual plasmid bacteriophage T7 RNA polymerase/promoter gene expression system to express in Escherichia coli the polypeptides encoded by this operon. A DNA fragment containing moxFG was subcloned into the T7 expression vector, and the polypeptides encoded by the various subclones were subsequently expressed and labeled. We have been able to determine the location and order of the genes encoding the four expressed polypeptides and, via protein immunoblot analysis, have conclusively identified three of the four as MeDH, the copurifying MeDH-associated polypeptide, and cytochrome CL. We thus propose an expanded and more detailed map of the region previously designated the moxFG operon.
MATERIALS AND METHODS
Bacterial strains and plasmid vectors. The bacterial strains and plasmid vectors used in this study are listed in Table 1 Media and growth conditions. E. coli strains were grown at 30 or 37°C in Luria broth (22) or at 30°C in M9 medium (22) supplemented with 0.2% glycerol, 20 jig of thiamine per ml, and 0.01% each of 18 amino acids (minus cysteine and methionine). Agar was added to 1.5% (wt/vol) for plates.
Methylobacterium sp. strain AM1 isolates were grown at 30°C on the ammonium-mineral salts medium described by Harder et Broad-host-range vector subcloning of Methylobacterium sp. strain AM1 HINDIII-FG. For pDA341OXM, the 3.58-kb XhoI ("Xho M") fragment of HINDIII-FG was isolated from pDA41OXM as a PstI cassette and ligated into PstIdigested pRK310. For pDA3410XL, the 4.55-kb XhoI ("Xho L") fragment of HINDIII-FG was isolated from pDA410XL as a PstI cassette and ligated into PstI-digested pRK310. For pDA3410XB, the 5.35-kb XhoI-BamHI fragment of HINDIII-FG was isolated from pDA410XB as a PstI cassette and ligated into PstI-digested pRK310. A sample of each ligation reaction was transformed into E. coli DHSa, and the appropriate constructs were mobilized into the Methylobacterium sp. strain AM1 MoxF mutant UV26, using a previously described three-way conjugation procedure (13) .
MeDH purification. MeDH was purified from Methylobacterium sp. strain AM1 by Lorie Buchholz according to published procedures (24) .
Antibody preparation. Antiserum to the purified Methylobacterium sp. strain AM1 MeDH was generated by Cocalico Biologicals, Inc., Reamstown, Pa. Female New Zealand White rabbits were immunized with 0. In an attempt to circumvent these obstacles, we have utilized a bacteriophage T7 RNA polymerase/promoter gene expression system that has been successfully used to express Pseudomonas aeruginosa exotoxin A in E. coli (21a) . The expression vector used in the present study, pTZ19TT, is a derivative of GeneScribe-Z vector pTZ19R (U.S. Biochemical Corp., Cleveland, Ohio). A 0.3-kb SmaI-EcoRI fragment from pKK232-8 (7), containing translation termination signals in all three reading frames and approximately 470 base pairs of a promoterless chloramphenicol acetyltransferase gene, was cloned into the multiple cloning site of pTZ19R (Fig. 2) .
Various regions of the 8.6-kb HINDIII-FG fragment, previously identified by its ability to complement Methylobacterium sp. strain AM1 MoxF and MoxG mutant classes (24) , were subcloned into pTZ19TT (Fig. 1) . Each subclone was then isolated and transformed into E. coli DH5a containing pGP1-2. The selected transformants were subsequently pulse-labeled with [35S]methionine under conditions in which polypeptides encoded by the particular pDA410 construct would be preferentially labeled (30) . A fluorogram of whole-cell extracts after electrophoresis through a 15% SDS-polyacrylamide gel shows the pattern of the labeled polypeptides (Fig. 3) .
Four HINDIII-FG insert-encoded polypeptides with molecular weights of approximately 60,000, 30,000, 20,000, and 12,000 could be detected in the extract of the strain containing the largest subclone, pDA410HB (Fig. 3, lane 4) . Other protein bands visible in this and other expression subclone lanes appeared to be background host-or vector-encoded polypeptides or both, as determined by overexposure of control lanes 1 to 3 (data not shown). The dark band at Mr 29,000 represents P-lactamase, which is encoded by expression vector sequences and was used as an internal control.
The nested set of pDA410 subclones allowed us to deduce the approximate location and order of the genes encoding these four polypeptides. None of the protein bands could be detected upon induction of the subclone containing the 1.53-kb XhoI-SalI fragment pDA410XS (Fig. 3, lane 5) . A larger subclone (pDA41OXM), which contains the overlapping XhoI fragment, was found to encode the Mr-60,000 polypeptide (Fig. 3, lane 6 ). This result suggested that the detected polypeptide might represent the MeDH subunit since the MeDH structural gene had been previously mapped to this region (24) . A still larger overlapping subclone (pDA410XL), which contains a 4.55-kb insert, was found to encode both the Mr-60,000 and Mr-30,000 polypeptides (Fig. 3, lane 7) . This indicated that the gene encoding the Mr-30,000 polypeptide (moxJ) was located downstream of the gene encoding the Mr-60,000 polypeptide but upstream of the XhoI3 site. The larger subclone (pDA41XB), containing the 5.35-kb XhoI-BamHI fragment, was found to encode all four polypeptides (Fig. 3, lane 8 (Fig. 3, lane 9) . To determine the order of the genes encoding the Mr-20,000 and Mr-12,000 polypeptides, the small 0.8-kb XhoI-BamHI fragment was also subcloned into the expression vector. This insert was found to encode the Mr-12,000 polypeptide (Fig. 3, lane 10 An Mr-12,000 MeDH-associated polypeptide routinely copurifies with the Mr-60,000 subunit of MeDH and for the purpose of discussion will be called an MeDH-associated polypeptide. We had previously obtained antisera to the Mr-60,000 subunit alone by excising this protein band from SDS-polyacrylamide gels and using it as an antigen (25) . For the current study antiserum was generated with an MeDH preparation that contained both polypeptides in approximately equal proportions, but no other detectable polypeptides as determined by SDS-polyacrylamide gel electrophoresis (data not shown).
Antibody raised against the sample containing both the MeDH polypeptide and the MeDH-associated polypeptide was reacted with induced T7 expression subclone extracts analogous to those used in the 35S-labeling experiments (Fig.  4) . Several host-or vector-encoded protein bands or both cross-react with the anti-MeDH/anti-MeDH-associated antibody preparation (control lanes 1 to 3). The identities of these cross-reactive protein bands are unknown; however, the dark band at Mr 58,000 may represent the so-called common antigen of gram-negative bacteria observed first by Jensen et al. (19) . Only a few protein bands in addition to the MeDH protein and the MeDH-associated protein bands can be detected in the Methylobacterium sp. strain AM1 crude cell extract blots reacted with this antibody preparation (see Fig. 6 ). However, these bands apparently represent specific MeDH protein degradation products and are discussed below. The Mr-60,000 polypeptide was found to react with the anti-MeDH subunit antibody (Fig. 4, lanes 4, 6, 7 , and 8), suggesting that this polypeptide is the MeDH subunit, the product of moxF. No larger polypeptide that might represent an unprocessed MeDH protein precursor was detected, even in blots from gels that were run for longer time periods to separate the higher-molecular-weight bands.
In addition to the Mr-60,000 polypeptide, we found that antibody also reacted with the Mr-12,000 polypeptide encoded by three of the expression subclones, pDA410HB, pDA410XB, and pDA410SB (Fig. 4, lanes 4, 7, and 8 , respectively), suggesting that the low-molecular-weight protein observed in the 35S-labeling experiments is the copurifying MeDH-associated polypeptide. We propose to designate the gene encoding this polypeptide as moxI. These data support our earlier finding that moxI is located downstream of moxF. Surprisingly, the Mr-12,000 polypeptide could not be detected in the T7 expression extract containing pDA410XBS (Fig. 4, lane 10) Protein blots of induced T7 expression HINDIII-FG subclone extracts were also reacted with antibody raised to purified cytochrome CL in an attempt to verify the identification of the Mr-20,000 polypeptide as cytochrome CL. Several background host-and vector-encoded protein bands can be seen to cross-react with the cytochrome CL antibody (Fig. 5, lanes 1 to 3) ; their identities are unknown. A few cross-reactive protein bands are also detected in the wildtype Methylobacterium sp. strain AM1 crude cell extract (Fig. 5, lane 11) . The Mr-20,000 polypeptide previously observed to be encoded by pDA410HB, pDA410XB, and pDA410SB was found to react with anti-cytochrome CL antibody (Fig. 5, lanes 4, 8, and 9, respectively) . This result suggests not only that the labeled Mr-20,000 polypeptide is cytochrome CL, but also that the cytochrome CL structural gene (moxG) is indeed located, as previously hypothesized, in the moxFG region (25) . A faint protein band representing a polypeptide of approximately Mr 23,000 was also detected in all expression extracts in which cytochrome C'L was observed (Fig. 5, lanes 4, 8, and 9) . A polypeptide of similar molecular weight has been previously identified as a putative cytochrome CL precursor (25) .
A smaller polypeptide of approximately Mr 14,500 encoded by pDA410XL (Fig. 5, lane 7) was also found to react with the anti-cytochrome CL antibody. This smaller protein band probably represents a truncated form of the cytochrome CL polypeptide. The decreased intensity of this protein band compared with bands representing the fulllength mature cytochrome CL polypeptide may be the result of lessened stability of the truncated cytochrome CL message or polypeptide or decreased anti-cytochrome CL antibody recognition.
Characterization Fig. 4 . Whole-cell extracts were separated on a 12.5% SDS-polyacrylamide gel and electrophoretically transferred to nitrocellulose. The protein blot was incubated with anti-cytochrome CL antibody, washed, and then incubated with goat anti-rabbit alkaline phosphatase conjugate antibody. Lanes: 1, no plasmid; 2, pGP1-2; 3, pTZ19TT; 4, pDA410HB; 5, pDA410XS; 6, pDA41OXM; 7, pDA410XL; 8, pDA410XB; 9, pDA 410SB; 10, pDA410XBS; 11, Methylobacterium sp. strain AM1 wild-type crude cell extract (20 ,ug detected via protein immunoblot analysis in the MoxF mutant UV26 (data not shown).
These data suggested that the MeDH-associated polypeptide might be unstable in the absence of the MeDH polypeptide. Conversely, the stability of the MeDH polypeptide might also be affected by the absence of the MeDH-associated protein. Data from the previously described T7 expression experiments suggested that, at least in E. coli, the MeDH polypeptide and the MeDH-associated polypeptide can eXist, albeit only transiently in one case, in the absence of each other ( Fig. 3 and 4) (25) .
We are at present unable to determine whether MeDH polypeptide stability is analogously dependent upon the MeDH-associated polypeptide in Methylobacterium sp. strain AM1, as no Methylobacterium sp. strain AM1 mutant has yet been isolated in which the mutation maps to moxI, specifically eliminating its synthesis.
DISCUSSION
To study the-Methylobacterium sp. strain AM1 moxFG region in greater detail, we have utilized a coupled in vivo T7 RNA polymerase/promoter gene expression system to express in E. coli the polypeptides encoded by this region (Fig.  7) (Fig. 3, lane 10 ), but not in extracts prepared for protein immunoblot analysis, which are subjected to longer incubations (Fig. 4, lane 10) (Fig. 1) , with most of the gene being located upstream of this site. Cytochrome CL appears to be synthesized in a precursor form of approximately Mr 23,000 (25) , which becomes processed to the mature Mr-20,900 protein in Methylobacterium sp. strain AM1 and apparently in E. coli also. This suggests that the moxG sequences upstream of the XhoI site must in theory be able to encode a polypeptide of Mr 16,600, that being the predicted size of the truncated cytochrome CL polypeptide with a signal sequence of about Mr 2,100 still attached. mox%3 thus appears to be located such that at least 450 base pairs of DNA coding sequence must lie upstream of the XhoI3 site. It is not known whether cytochrome CL or its putative precursor is located in the cytoplasm or periplasm in E. coli.
The identity of the Mr 30,000 polypeptide could not be determined nor is its function known. The gene encoding this polypeptide has been designated moxJ. A methanol-inducible polypeptide of similar molecular mass has previously been reported fronm this laboratory (32) during induction studies of Methylobacterium sp. strain AM1 and may correspond to the Mr30,000 polypeptide observed in this study.
On the basis of these data, we propose an expanded map of the region previously described as the putative moxFG operon and have tentatively designated it the moxFJGI operon (Fig. 7) . Earlier Tn5 mutagenesis studies suggested that this entire region is one transcriptional unit; however, additional studies of transcripts will be necessary to verify this hypothesis.
Although we are presently unable to assign a function to either the unidentified Mr-30,000 polypeptide or the Mr-12,000 MeDH-associated polypeptide, it seems quite likely that they will prove to play a role in the oxidation of methanol. The discovery of two new putative mox genes brings the total to 12 genes that may be involved in methanol oxidation in Methylobacterium sp. strain AML. Future studies of the putative moxFJGI operon and its protein products should provide a better understanding of this genetically complex step.
